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Abstract

Thermal shock resistance of various tungsten grades (different manufacturing technologies and heat treatments) was
examined under plasma disruption conditions, especially in the cracking regime, i.e. below the melting threshold. The tests
have been simulated with the electron beam test facility JUDITH. The comparison of the thermal shock resistance showed
that sintered tungsten appeared to be better than the deformed tungsten material and clear degradation after recrystalli-
zation was found. Damage processes linked to the mechanical properties of W are discussed.
� 2007 Published by Elsevier B.V.
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1. Introduction

ITER is the next step experimental fusion device,
which will employ tungsten (W), carbon-fiber rein-
forced composite (CFC) and beryllium as plasma
facing materials (PFMs). The advantage of W is
the high melting point, high thermal conductivity,
low tritium inventory and low erosion rate under
plasma loading [1]. These physical properties make
it attractive to be used as a plasma facing material.
By these advantages, W is the candidate material for
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the divertor armor, except for the area near the
strike points where CFC will be used. The main
drawbacks of W are the large radiative loss due to
plasma contamination and the high ductile to brittle
transition temperature (DBTT, approximately
400 �C). Divertor armor materials are supposed to
be exposed to steady state heat loads at a power
density of 5–20 MW/m2 as well as transient heat
loads such as plasma disruptions (several ten MJ/
m2) and thermal loads due to large edge localized
modes (ELMs, in the order of 1 MJ/m2) [2,3]. The
operation temperature of W was predicted to be
�200–1300 �C under steady state loading [4].

Various W grades are proposed as candidate
materials, pure W, dispersion-strengthened W, and
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W alloys produced by different fabrication technol-
ogy, e.g. sintered, forged, rolled and hot-worked
(deformed) [5]. Besides the fabrication, the raw pow-
der materials, the alloying elements and dopants/
impurities, treatments, and the final shape/geometry
have a strong impact on the achieved properties of
W and W alloys [6].

Due to the high operation temperature, W mate-
rials may recrystallize during the duty operation. All
metal materials including W, have recovery temper-
atures, and recrystallization temperatures at even
higher temperature. The recrystallization tempera-
tures are typically 50–70% of melting temperature.
In case of W, the temperature is reported to be
above 1300 �C [7]. After recrystallization, materials
have different microstructures and mechanical prop-
erties [7]. These changes are expected to influence
the performance of metal materials under thermal
shock loads.

In this study, various W grades were tested under
disruption-like thermal shock loads, especially, in
the cracking regime, i.e. with power densities below
the melting threshold. Impact of recrystallization as
well as different W grades were compared in terms
of their thermal shock resistance.

2. Experimental

Two different W grades, i.e. sintered W and
strongly deformed W delivered from Plansee AG
were used in this study. After cutting out samples
(12 · 12 · 3 mm3 of the sintered W;12 mm diameter
and 3 mm thickness of the deformed W), the samples
were annealed in a high temperature vacuum furnace
above 1750 �C for 2 h. The furnace operates up to
2300 �C by means of resistance heating elements in
a high vacuum (up to 10�3 Pa). After the heat treat-
ments, the microstructures were characterized and
compared with the microstructure of the original
grades. The results showed that the recrystallization
resistance significantly depends on the grades.
Finally four different samples were prepared for
the thermal shock tests, i.e. (a) as-received sintered
W, (b) recrystallized sintered W, (c) as-received
deformed W and (d) recrystallized deformed W.

Thermal shock tests were performed by the elec-
tron beam facility JUDITH [8] installed in the Hot
Cells of Forschungszentrum Juelich, Germany. Elec-
trons are generated by a tungsten cathode and accel-
erated to a voltage of 120 keV. Since the acceleration
voltage is high, relatively deep beam penetration
causes volumetric loading (penetration depth was
estimated to be 5–6 lm in W by a Monte–Carlo sim-
ulation) instead of surface loading. The electron
beam was scanned over a well-defined square area,
with a frequency of 31 kHz in x-direction and
40 kHz in y-direction. The given power density is a
time averaged value. The loading is fairly homoge-
neous in area and constant in loading time because
of (i) fast scanning ((x,y) = (�31 kHz, �40 kHz)),
on (ii) a small area (4 · 4 mm2), with (iii) a relatively
large focussed beam spot (diameter of 1 mm).

In the previous experiments it was found that the
threshold power density for melting of a W grade lies
around 0.88 GW/m2 for 5 ms. In this study, three
different power densities (0.22, 0.33 and 0.55 GW/
m2) well below the threshold were selected. All sam-
ples were loaded at room temperature and the pulse
duration was 5 ms. At these power densities, the sur-
face temperature rise was estimated to be�900 �C at
0.22 GW/m2, �1340 �C at 0.33 GW/m2, �2230 �C
at 0.55 GW/m2 based on the thermal properties of
bulk W at room temperature. The power densities
were applied on a surface area of 4 · 4 mm2 for pulse
duration of 5 ms. Development of damage by multi-
ple shots was examined by applying ten shots of
0.33 GW/m2 each with a pulse duration of 5 ms.

3. Results and discussion

Fig. 1 shows surface structures after single pulses
of 0.33 GW/m2 for 5 ms on (a) as-received sintered
W, (b) recrystallized sintered W, (c) as-received
deformed W, (d) recrystallized deformed W. No
melting was observed as expected since the loading
condition was below melting threshold (0.88 GW/
m2 for 5 ms). Cracks were observed for the
deformed W and both W materials after recrystalli-
zation. Fig. 2 shows the microstructures of these
loaded areas observed by SEM. The as-received sin-
tered W did not show cracking even at higher mag-
nification, whereas, the as-received deformed W
already started to show cracking randomly across
the loaded area. Accordingly, it is concluded that
the sintered W has better thermal shock resistance
than the deformed W in this condition. The material
responses of the sintered W before and after recrys-
tallization can be found in Figs. 1(a) and (b), and
2(a) and (b). It was clearly found that recystalliza-
tion caused degradation of the thermal shock resis-
tance. The recrystallized sintered W showed
microcracks in the loaded area. The microcracks
appeared in the loaded area of sintered W only after
recrystallization. The deformed W showed surface



Fig. 1. Surface morphology observed by optical microscope after single pulse of 0.33 GW/m2 for 5 ms on (a) sintered W as-received, (b)
sintered W recrystallized, (c) deformed W as-received and (d) deformed W recrystallized.

Fig. 2. SEM micrographs of the loaded areas by a single pulse of 0.33 GW/m2 for 5 ms on (a) sintered W as-received, (b) sintered W
recrystallized, (c) deformed W as-received and (d) deformed W recrystallized.
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roughening as well as cracks but no microcracks at
the loaded area. The cracks in the recrystallized
deformed W were similar to those observed at the
loaded area before recrystallization. The crack
opening did not become wider as shown in
Fig. 2(c) and (d). The roughening was measured
by an optical profilometer. The profilometer also
indicated thermally induced swelling of the loaded
surface. The swelling became clearer after 10
repeated shots (a few lm), indicating that the swell-
ing develops shot by shot. The mechanism of the
swelling is still under discussion but accumulation
of thermally induced vacancies might play a role.
Accumulation of vacancies strongly depends on
microstructures, especially the density of sinks for
vacancies such as grain boundaries and dislocations.
After recrystallization, density of grain boundaries
and dislocations decreased and created vacancies
that accumulated in the grains instead of annihila-
tion at the sink; consequently, the swelling may
become large enough to be detected.
The impact of multiple shots (n = 10) was studied
at 0.33 GW/m2 for 5 ms. The as-received sintered W
showed no cracking. Cracks, microcracks and sur-
face roughening were enhanced after the multiple
shots in the recrystallized sintered W and deformed
W before and after recrystallization. However,
newly induced damage, i.e. fatigue damage, was
not observed after the 10 shots. It would be of great
interest to examine the response of W material over
a larger number of shots.

These damages, i.e. cracks, microcracks and sur-
face roughening, would be related to the mechanical
properties at high temperature. It is well known that
deformation processes increase the mechanical
strength due to the introduction of a dislocation net-
work in the material, while it decreases the toughness
of the material would decrease after deformation.
Mechanical properties of metal materials can be
changed after recrystallization, e.g. reduction of
mechanical strength [7]. The mechanical strength
and toughness of these particular materials must be



Fig. 3. Surface morphology and microstructures of loaded areas by single pulse of 0.55 GW/m2 for 5 ms on (a), (b) sintered W
recrystallized, (c), (d) heavily deformed W recrystallized.
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examined at elevated temperature as well as room
temperature (DBTT) for detailed discussion.

The surface modification and damage discussed
above were not clearly observed at a lower power
density, 0.22 GW/m2. Only slight surface roughen-
ing was observed in the recrystallized deformed W.
It can be concluded that this power density is the
damage threshold for the recrystallized sintered W
and the deformed W. The as-received sintered W
had an obviously higher damage threshold. A few
microcracks started to appear in the as-received
sintered W at 0.55 GW/m2, whereas already severe
cracking was observed in the as-received deformed
W at these loading conditions.

After recrystallization, both the sintered and
deformed W materials, showed remarkable damage
after loading at 0.55 GW/m2 as shown in Fig. 3. The
recrystallized sintered W showed severe cracking
surrounding the loaded area, (=boundary cracks)
in addition to microcracks. These cracks were differ-
ent from the random cracks across the loaded area
that were observed in the deformed W. Since all
experiments were performed at room temperature,
the surface is still at room temperature outside the
loaded area, therefore, the outside remained in the
brittle state. The thermal stress between the hot
loaded area and the cold surrounding caused the
boundary cracks. The microcracks were observed
within the area surrounded by the boundary cracks
but not outside. The loaded hot surface expands
and generates compressive stresses which can cause
deformation of W at high temperature if the thermal
stresses exceed the yield strength. After loading, the
surface will cool down and start to shrink. In addi-
tion to the plastic deformation at high temperature,
this shrinkage induces tensile stresses at the loaded
surface during the cooling phase. These would be
responsible for the microcracks, surface roughening
and cracks across the loaded area.

As discussed above, the mechanical properties at
high temperature would be the key factors to under-
stand the W behavior under thermal shock loading.
For further discussion, thermal stress estimation by
FEM calculation and mechanical tests at elevated
temperatures are necessary.
4. Summary

Thermal shock resistance was examined for two
different W grades before and after recrystallization
in the electron beam facility JUDITH. Table 1 sum-
marizes the results of the thermal shock tests. The
sintered W showed better thermal shock resistance
than the deformed W in this condition. The as-
received sintered W had an obviously a higher
damage threshold, close to 0.55 GW/m2; whereas,
as-received deformed W had a damage threshold
around 0.22 GW/m2. Recrystallization caused
clearly degradation of thermal shock resistance.
The damage thresholds after recrystallization were
at around 0.22 GW/m2 for both W. Cracks, micro-
cracks and surface roughening were enhanced after
multiple shots, however, newly induced damage, i.e.
fatigue damage, was not observed after 10 shots.
The damage mechanism in cracking regime below
the melting threshold, was discussed. The mechani-
cal properties at high temperature would be the key
factors to understand the behavior of W under ther-
mal shock loading.



Table 1
Summary of loading parameters and responses of W materials, i.e. cracking, roughening, swelling behavior

Power density [GW/m2] Sintered W Strongly deformed W

As-received Recrystallized As-received Recrystallized

0.22 – – – –
– – – –
– – – –
– – – Surface roughening

0.33 – Random cracks Random cracks Random cracks
– Microcracks – –
– Slight swelling – Slight swelling
– – – Surface roughening

10 shots of 0.33 – Random cracks Random cracks Random cracks
– Microcracks – –
– Swelling – Swelling
– – – Surface roughening

0.55 – Boundary cracks Random cracks Random cracks
A few microcracks Microcracks – Intergranular cracks
– Swelling Swelling Swelling
– – – Surface roughening
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